Introduction
Many patients with COPD continue to suffer exacerbations and recurrent hospitalizations despite treatment with long-acting muscarinic antagonists (LAMA), long-acting beta-agonists (LABA), and inhaled corticosteroids (ICS). Roflumilast is a selective phosphodiesterase-4 (PDE4) inhibitor recommended for maintenance treatment of COPD in patients with post-bronchodilator FEV 1 ,50% predicted, associated with chronic bronchitis and a history of exacerbations, as add-on to inhaled therapies. 1 Randomized controlled trials (RCTs) have demonstrated that roflumilast effectively reduces exacerbations and hospitalizations when added on top of inhaled combination therapy in patients with severe COPD and a history of exacerbations. [2] [3] [4] [5] While the primary effect of roflumilast is to reduce the risk of exacerbations, it has also recently been shown to reduce hyperinflation and elicit a significant improvement in FEV 1 .
Therefore, these study populations may not be representative of those typically encountered in daily practice. 7 By contrast, real-life observational studies are conducted in broad patient populations, with a range of demographics, disease characteristics, and comorbidities. 7, 8 Treatment adherence is usually much higher and physician visits are more frequent in RCTs than in real life. Also, RCTs often assess surrogate endpoints (eg, FEV 1 ), which do not directly reflect patients' quality of life (QoL). Indeed, results from a Cochrane review of 34 RCTs that evaluated the efficacy and safety of two oral PDE4 inhibitors, roflumilast (20 trials with 17,627 participants) and cilomilast (14 trials with 6,457 participants), reported that while both agents provided benefit over placebo in improving lung function and reducing the likelihood of exacerbations, they had little impact on QoL or symptoms. 9 Consequently, while RCTs are important to assess efficacy, observational trials, particularly those with an emphasis on patient-reported outcomes, are needed to assess the effectiveness of therapies outside the controlled setting.
QoL measures are important for evaluating treatments prescribed to patients, and it can be argued that they are best assessed in the real-life setting. Studies evaluating QoL in the real-life setting are currently lacking for roflumilast.
To document the effects of roflumilast in daily clinical practice, two noninterventional studies were conducted in Germany: DINO (NCT01285180) and DACOTA (NCT01285167). The primary objective of both the studies was to monitor the effects of roflumilast on health status in patients with severe/very severe COPD prescribed this agent for the first time as an add-on therapy, over a 6-month period.
Patients and methods
Patients and study design DINO and DACOTA were pragmatic Phase IV studies conducted in primary and secondary care, respectively.
The design and conduct of DINO and DACOTA are summarized in Table 1 . Patients with severe/very severe COPD were eligible for inclusion if they fulfilled the criteria for receiving roflumilast treatment as per the local label. 10 For the purpose of enrolment in the studies, the label requirement for a history of frequent exacerbations was defined as $1 exacerbations during the previous 12 months. This label was based on clinical studies, which included patients with $1 exacerbations in the previous year, with LABA as concomitant medication.
In both studies, COPD severity was classified according to the Global Initiative for Chronic Obstructive Lung Disease (GOLD) 2011 criteria using data derived from patients' medical records; COPD severity was also verified by lung function measurements in DACOTA, but not in DINO. Treatment-naïve patients and patients receiving COPD maintenance therapy were eligible, but patients were not to have received roflumilast prior to the start of the studies. No further inclusion or exclusion criteria were specified; the only restrictions on comorbid conditions or concomitant medications were those detailed in the roflumilast (Daxas) Summary of Product Characteristics. Diagnosis of severe to very severe COPD classified according to the GOLD criteria using data from patients' medical records
10
Diagnosis of severe to very severe COPD classified according to the GOLD criteria using data from patients' medical records and verified by lung function measurements Treatment Roflumilast 500 µg/day for 6 months Roflumilast 500 µg/day for 6 months Primary outcome Change from baseline in CCQ total score at study end Change from baseline in CCQ total score at study end
Key secondary outcomes
• Evaluation of health status measured by CAT • Evaluation of health status measured by CAT • Spirometry measurements to assess lung function Notes: Treated set: all patients who received at least one dose of roflumilast; effectiveness set: a population that was more compliant with the label and the study protocol and had complete data available for the assessment of the primary endpoint; the effectiveness set included all patients in the treated set who met a number of additional criteria. 
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Roflumilast -quality of life in COPD Roflumilast 500 µg once daily (OD) was prescribed at the sole discretion of the treating physician. Patient adherence was not monitored. Data were collected at baseline (study entry), and at ~3 and 6 months after initiation of roflumilast treatment.
Both studies were conducted in accordance with relevant guidelines, including applicable German regulations ( §67 Section 6 German Drug Law), the German Federal Institute for Drugs and Medical Devices (BfArM) publication on noninterventional studies, the German Association of Research-Based Pharmaceutical Companies (Verband der Forschenden Arzneimittelhersteller) recommendations, the Declaration of Helsinki, 11 and Good Pharmacoepidemiology Practices. 12 For both studies, the protocols and supporting documents were approved by the relevant local ethics committee (Ethikkommission der Landesärztekammer Baden-Württemberg) prior to enrolment. In agreement with local regulations, the physician gave the patient oral and written information about the study, and obtained the patient's voluntary consent for the collection of personal data and transfer of the data in pseudonymous form before the start of the study. All patients provided written informed consent. The patient had the right to withdraw his/her consent at any time.
assessments
The primary endpoint was defined as the change from baseline in clinical COPD questionnaire (CCQ) total score after 6 months of treatment with roflumilast. Secondary endpoints included changes from baseline in CCQ domain scores, COPD assessment test (CAT) total score, and postbronchodilator FEV 1 (DACOTA only). An analysis of change in CCQ total and domain scores and in CAT total score in frequent versus nonfrequent exacerbator subgroups was performed post hoc.
Health status and QoL were measured using the validated German versions of CCQ 13 and CAT 14 at baseline, and at Months 3 and 6 of the study. The CCQ consists of 10 items divided into three domains: symptoms, functional state, and mental state. Each item is rated on a 7-point Likert scale, where 0=asymptomatic/no limitations and 6=extremely symptomatic/totally limited. The CCQ total score is calculated as the mean of the sum of all items. 13 The minimal clinically important difference (MCID) of the CCQ total score is 0.41. 15 The CAT consists of eight items (cough, phlegm, chest tightness, breathlessness while going up hills/ stairs, activity limitation at home, confidence leaving home, sleep, and energy) rated on a 6-point scale, where 0=no impact and 5=very severe impact. 14 The total CAT score is calculated as the sum of responses given in the eight items with a range of 0-40; a change of 2 points is considered clinically significant. 16 Lung function was assessed at all three visits by spirometry in DACOTA. Reversibility of airway obstruction was assessed by spirometry prior to, and 15-30 minutes after bronchodilation using short-acting inhalation aerosols, predominantly salbutamol. The following variables were documented: FEV 1 , vital capacity (VC), FEV 1 /VC, FVC, and FEV 1 /FVC. DINO focused on the usual care evaluation of patients' health status; therefore, lung function was not assessed.
Safety and tolerability were assessed by physicianreported adverse drug reactions (ADRs), and all data were collected by the treating physician using paper case report forms.
Statistical analyses
Two populations were defined for analysis: the treated set and the effectiveness set. The treated set comprised all patients who received at least one dose of roflumilast. The effectiveness set comprised all patients in the treated set who had complete data available for the assessment of the primary endpoint, and were more compliant with the label and study protocol. Full details of the criteria for the effectiveness set can be found in the Supplementary material.
All baseline characteristics, safety, and tolerability data are presented for the treated sets; all other data presented herein are for the effectiveness sets, with data for the treated sets detailed in the Supplementary material.
Changes from baseline in the CCQ total and domain scores were analyzed by means of an ANOVA model including the baseline value as an independent variable. Analogous ANOVA models were used to evaluate the changes from baseline in CAT total score and spirometric variables.
Post-hoc subgroup analyses were performed for primary and secondary CCQ endpoints, and for CAT total scores according to the number of moderate exacerbations (ie, those not leading to hospitalization or death, but treated with ICS and/or antibiotics) or severe exacerbations (ie, those leading to hospitalization or death) in the 12 months prior to starting roflumilast treatment. For the purpose of these subgroup analyses, patients were categorized as frequent exacerbators if they had experienced $2 moderate or severe exacerbations in the previous year. Exacerbation group comparisons were analyzed by the Wilcoxon rank sum test.
Missing data were not imputed; however, missing data were displayed in patient data listings and were included in frequency tables as appropriate. In the event of missing dates, questionnaire scores, and spirometric variables, imputation rules relative to the parameter were applied. The chosen level of significance for statistical testing was 0.05. Formal sample size calculations were not performed; the sample size was determined on grounds of feasibility.
Results

Patient demographics and baseline characteristics
A total of 5,462 patients were enrolled in DINO and 3,645 in DACOTA, of whom 5,375 and 3,597 patients received at least one dose of roflumilast, respectively. The effectiveness sets comprised 3,274 patients in DINO and 916 in DACOTA (60.9% and 25.5% of the treated sets, respectively). Approximately one-third of patients in the treated set of both studies discontinued prematurely (30.6% of the treated set in DINO and 33.8% in DACOTA). The flow of patients through each study is shown in Figure S1 .
Patient demographics and baseline characteristics for the treated sets are shown in Table 2 (effectiveness set data are shown in Table S1 ). Patients with severe COPD comprised the highest proportion of all patients in both studies; 4.3% of patients in DINO and 10.1% in DACOTA had mild or moderate disease. COPD severity was unknown according to the classification described in 1.8% and 48.6% of the treated sets in DINO and DACOTA, respectively. Other baseline characteristics were similar between the studies.
health status CCQ and CAT scores
In the effectiveness sets of both studies, the mean CCQ total score significantly decreased (improved) from baseline to Months 3 and 6 (P,0.001; Figure 1 ). Significant improvements were also observed in the mean CAT total score (P,0.001; Figure 2) . Results for the treated sets were similar and are shown in Figures S2 and S3 .
The proportion of patients who had an improvement in CCQ total score beyond the established MCID threshold of 0.41 at Month 3 was 71.0% in DINO and 52.8% in DACOTA; this increased to 83.3% and 65.3% of patients, respectively, at Month 6 ( Figure 3A) . Similarly, the improvements in CAT total score exceeded the suggested MCID of 2 points in the majority of patients at Month 6 (85.8% in DINO; 72.8% in DACOTA; Figure 3B ).
In both DINO and DACOTA, all three CCQ domain scores significantly improved from baseline at Months 3 and 6 (all P,0.001; data not shown); the greatest mean 
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Roflumilast -quality of life in COPD change from baseline was in symptom score at Month 6 (DINO: −1.49; DACOTA: −1.07).
Frequent exacerbators
In both studies, the decreases in CCQ total score and all three domain scores from baseline were statistically significant at Month 6 in both frequent and nonfrequent exacerbator subgroups (P,0.001 for CCQ total score, Figure 1 ; P,0.001 for domain scores, data not shown). In DACOTA, the mean improvements in CCQ total score and all domain scores were significantly larger in frequent exacerbators than in nonfrequent exacerbators at both time points (P,0.001 for CCQ total score, Figure 1B ; P,0.001 for CCQ domain scores, data not shown). In DINO, no significant differences were observed between these two subgroups. Similar results were observed in the treated sets ( Figure S2 ).
In DACOTA, mean improvements in CAT total score at both time points were significantly greater in frequent exacerbators compared with nonfrequent exacerbators (Month 3, P=0.007; Month 6, P,0.001; Figure 2B ). However, there were no differences between frequent and nonfrequent exacerbators in DINO. Similar results were observed in the treated sets ( Figure S3 ).
Spirometry
In DACOTA, post-bronchodilator FEV 1 , as well as other spirometric variables, significantly improved at both Months 3 and 6. In the effectiveness set, post-bronchodilator values were available for ~90%-100% of patients at baseline and 40%-50% of patients at Months 3 and 6. The overall mean change from baseline in FEV 1 was 138 mL at Month 3 (P,0.001, n=396) and 202 mL at Month 6 (P,0.001, n=396).
Safety
ADRs were reported by 546 (10.2%) patients in DINO and 661 (18.4%) patients in DACOTA; serious ADRs were reported by 1.1% of patients in both studies. A total of 413 (7.7%) patients in DINO and 525 (14.6%) patients in DACOTA discontinued treatment due to an ADR (Table 3) . A total of 1,246 ADRs occurring in 500 (9.3%) patients in 
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Kardos et al DINO and 1,495 ADRs occurring in 632 (17.6%) patients in DACOTA were considered causally related to roflumilast. Diarrhea, nausea, and weight decrease were the most frequently reported roflumilast-related ADRs in both studies (Table 3) .
Discussion
The DINO and DACOTA studies included ~9,000 patients from German primary and secondary specialist respiratory care centers. In both studies, add-on treatment with roflumilast was associated with a significant and clinically relevant improvement in patients' health status, as shown by reductions from baseline in the CCQ total and domain scores, by a level greater than the MCID. These reductions in CCQ total score are in keeping with those shown by Tzanakis et al, who reported a 1.53 point reduction in CCQ score following 6 months of roflumilast treatment in a large real-life Greek COPD cohort. 17 In DINO and DACOTA, relevant improvements in health status and symptoms were also confirmed by changes in CAT scores. In both studies, improvements in CAT total score from baseline to Month 6 indicate that the average clinical impact of COPD was reduced from a severe (score: 21-30) to a moderate (score: 11-20) impairment.
The improvements in QoL measures in DINO and DACOTA complement the recent findings from DACCORD, another large, noninterventional, real-life study of COPD management in Germany, designed to assess the impact of disease and treatments over 2 years. 18, 19 However, in the most recent roflumilast RCTs REACT and RE 2 SPOND, health-related QoL, as assessed by the CAT questionnaire, did not improve following addition of roflumilast to existing COPD therapies. 4, 5 An earlier roflumilast RCT (RECORD), reported a trend towards an improvement in health-related QoL, as assessed by the St George's Respiratory Questionnaire. However, the improvement compared with placebo was not significant. 20 The roflumilast RCTs were not specifically designed to measure QoL and recruited a diverse spectrum of international patients with a range of mind-sets and attitudes, whereas DINO, DACOTA, and DACCORD 
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Roflumilast -quality of life in COPD were all uncontrolled observational studies and recruited only German patients. This may, at least partially, explain the difference in QoL findings between roflumilast RCTs, and DINO and DACOTA.
In DACOTA, significantly greater improvements in CCQ and CAT scores were observed in patients with a history of frequent moderate or severe exacerbations ($2 in the 12 months prior to roflumilast add-on therapy) than in nonfrequent exacerbators (post-hoc analysis). These data suggest that frequent exacerbators benefited from roflumilast treatment to a larger extent than nonfrequent exacerbators. They also complement the findings from REACT and RE 2 SPOND, in which roflumilast improved lung function and reduced exacerbations in patients who had severe disease and frequent exacerbations, despite dual or triple inhaled therapy. 4, 5 It is not clear why greater improvements with roflumilast were also not observed in patients with a history of frequent exacerbations in DINO. In both studies, severity of airflow obstruction was classified by the investigators at baseline according to the GOLD 2011 criteria using data derived from patients' medical records. In DACOTA, a more thorough assessment was conducted with lung function measurements also being taken at baseline in order to verify the severity of obstruction. It is reasonable to assume that patients being treated in secondary care had more severe disease than those treated in primary care, and were therefore likely to experience greater improvements with roflumilast. We also speculate that specialists manage exacerbations more commonly than their primary care counterparts, and may be able to identify and record these events more accurately. Better recording of exacerbations in the secondary care setting, compared with that in the primary care setting, may have allowed us to distinguish frequent from nonfrequent exacerbators more accurately.
Significant improvements in lung function were observed during the course of DACOTA, with the improvement in post-bronchodilator FEV 1 far greater than has been reported in RCTs (202 mL over 6 months in DACOTA versus ~50 mL over 1 year in RCTs). 2, 4, 20 The reasons for this finding are not fully understood, but results may have been influenced by the healthy survivor effect -a potential source of bias that is discussed in more detail below. This finding may also partially be attributed to the real-life nature of DACOTA.
It is well known that adherence to inhaled medication can be poor, especially in patients with COPD, and that many patients use their inhalers incorrectly. While roflumilast is not a direct bronchodilator, FEV 1 improvements could have been precipitated by the general anti-inflammatory effects of starting this systemic therapy, which translated into improved lung function. 21 Additionally, spirometry in DACOTA was random, missing for 48.6% of patients in the treated set at baseline, and there were no restrictions regarding the time point of spirometry or the time point of roflumilast intake. It is important to note that FEV 1 was not a primary endpoint in DACOTA, and that all the participating centers were secondary care respiratory clinics. Therefore, unlike many registry studies and DINO, patients included in DACOTA were very likely to have fulfilled the criteria for a diagnosis of COPD. Furthermore, in real-life noninterventional studies, the use of spirometry is at the discretion of the treating physician. However, the frequency of spirometry observed in DACOTA is in line with that from previous studies, which have reported an absence of spirometry in ~40%-60% of COPD cases in everyday clinical practice. [22] [23] [24] Nevertheless, all of these factors may have influenced the measurements, and caution should be taken when interpreting these data.
The tolerability profile of roflumilast was consistent with that determined in clinical studies, with no new safety concerns arising. The proportion of patients who discontinued treatment was 33.8% in DACOTA and 30.6% in DINO, in line with recent RCTs, in which 28% discontinued in REACT and 29% discontinued in RE 2 SPOND, 4,5 and a search of clinical databases (December 2012-April 2015) in Korea, which reported a discontinuation rate of 35.1%. 25 The proportion of patients who discontinued treatment due to an ADR was 7.7% in DINO and 14.6% in DACOTA. Although these rates are within the range of those reported in RCTs, 4, 5 the difference between DINO and DACOTA could reflect the more frequent patient-physician contact in the primary care setting than in the secondary care setting.
ADRs associated with roflumilast, for example, diarrhea and weight loss, commonly reported during the first few months of therapy, are typical of many systemic therapies and may not be a barrier to initiating therapy. 3 The finding that measures of QoL improved during the 6 months of roflumilast treatment suggests that patients on roflumilast treatment may not have been overly affected by ADRs. A number of studies using alternative dosing strategies have been conducted with the aim of improving patients' adherence. For example, a small-scale retrospective study and a number of modeling studies have indicated that initiating a reduced dose of 250 µg 
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Roflumilast -quality of life in COPD for the first 4 weeks of therapy before uptitrating to the approved dose may help improve adherence to roflumilast for those patients who are affected by ADRs. [26] [27] [28] Results from the OPTIMIZE study have confirmed this by demonstrating a 34% reduction in the odds of discontinuing therapy when an initial dose of roflumilast 250 µg OD is taken for 4 weeks before uptitration to 500 µg OD. 29 These strategies were not in effect at the time of DINO and DACOTA.
Overall, 4.3% of patients in DINO and 10.1% of patients in DACOTA had mild or moderate disease as assessed by GOLD 2011 and were therefore treated off-label. These patients were not excluded from the treated set data analyses due to the noninterventional nature of the study. The majority of patients in both studies received at least one COPDspecific maintenance treatment in addition to roflumilast. However, patterns of medication use in real life do not always reflect that of RCTs and the label. For example, ICS was taken as a monotherapy in 9.9% of patients in DINO and 15.8% in DACOTA, despite not being indicated for use as a monotherapy in COPD. It is possible that these patients could have been using an additional single inhaler, such as a LABA or LAMA, or were receiving ICS monotherapy as a result of an earlier diagnosis of asthma in primary care. Subgroup analyses according to concomitant treatment were beyond the scope of these studies; however, further investigations on the effectiveness of roflumilast with different combinations of concomitant therapies could be informative. Consequently, results on the effectiveness of roflumilast should be interpreted with some caution, given this lack of information on previously prescribed medications. Furthermore, results from the DINO and DACOTA studies were considered in the context of the GOLD 2011 Guidelines, which were subsequently updated in 2018, and recommended the use of roflumilast as maintenance treatment (added-on to inhaled therapy) only in patients with FEV 1 ,50% (predicted) associated with chronic bronchitis and a history of exacerbations.
DINO and DACOTA were prospective noninterventional studies designed to assess clinical treatment effects and tolerability, including rare ADRs, in a large and heterogeneous group of individuals under conditions of everyday clinical practice. The limitations of these studies are those associated with their nonexperimental design and include high drop-out rates, missing data, and the lack of a control or comparator with regard to the evaluation of treatment effects. However, the inclusion of such a comparator in these nonrandomized observational studies may have introduced selection biases. Other limitations include the inclusion of patients with at least one dose of roflumilast, the effects of potential confounding by indication bias, where the most severe patients may preferentially receive certain treatments, 7 and a lack of generalizability due to the studies being conducted solely in a German population. Nevertheless, although DINO and DACOTA were carried out in a German population, these findings may be generalized to patients with COPD in other European Union countries with comparable reimbursement systems. Additionally, the lack of placebo means any imbalance of patient-and investigator-related effects cannot be accounted for. 7 Another important source of bias in real-life studies is that of attrition. 7 For example, in DACCORD, almost half of the 6,000 patients initially included in the study failed to complete the 2-year visit. 18, 30 A high proportion of patients (40% of the enrolled population in DINO and 75% of the enrolled population in DACOTA) were excluded from the effectiveness set analyses, which means we should exercise caution when extrapolating these data. An important factor to consider when attrition rates are high is the healthy survivor effect -that is, patients who perceive a benefit with treatment will persevere with treatment more than patients who do not perceive a benefit. However, in both studies, baseline characteristics and endpoint data were similar for both the treated and effectiveness analysis sets, suggesting that the impact of attrition on these studies was minor.
Despite the known limitations of noninterventional studies, the results of these two independent observational studies are encouraging and demonstrate that roflumilast add-on therapy improves QoL in patients with COPD in a real-life clinical setting. These studies also reveal interesting trends in the use of roflumilast in clinical practice, which warrant further investigation.
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Figure S2
Change in CCQ total scores from baseline to Months 3 and 6 (treated sets) in the overall population (primary analysis), and in the frequent and nonfrequent exacerbator subgroups (post-hoc analysis) in (A) DInO and (B) DaCOTa. Notes: Data are mean ± standard error. n=number of patients with data available. all P,0.001 for the changes in CCQ total score from baseline to months 3 and 6. *P,0.001 for exacerbation group comparisons. Abbreviation: CCQ, clinical COPD questionnaire. 
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